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Ahsiraci The Phillips V an-Vcchicn calculaiions o f lonicily paramclcrs based on Ihe onginal Penn gap model arc revised using ihc modined form
,juL' 111 (Jiimcs and C o w le y  [Cuiiad J . Phvs. 53 2.S49 (I9 7 5 )J  The m odified model used in Ihc present study, is free from several approximations and 
IS b:isL’il on a more accurate num erical evaluation o f the dielectric function the revised values ol lonicity parameieis are found to deviate significantly  
(rnm 'he original estim ates m ade by Phillip.s and Van -Vechten . T he  revised values o f lon ic iiy  parameters are shown to make a clcarcut distinction  
ivlwcen four fold and s ix -fo ld  coordinated structures and also to correlate very w e ll w ith  the in te ia tom ic  force constants and the e ftective  charge 
iMKimcicis 111 case o f l - V I l ,  l l - V I  and l l l - V  cry.stals
Kioswords lo n ic ity  param eters, energy gap m odel, in teratom ic  force constants 
V\CS Nils. 61 5 0 .A ( ,  61 66  Fn , 71 22 -H
lilt mit io s c o p ic  d te lc c lr ic  fu n c t io n  o f  a  s o lid  p la y s  ih c  c e n tra l 
inlc in llic c a lc u la t io n  o f  a n y  p ro p e r ty  o f  th e  s o lid  in f lu e n c e d  b y  
!lic screen ing  e ffe c ts  o f  th e  v a le n c e  a n d  c o n d u c tio n  e le c tro n s . 
Only lot a sm all n u m b e r  o f  s e m ic o n d u c to rs , d e ta ile d  c a lc u la tio n s  
lK i\ebccn m ade 111 b y  in c o rp o ra t in g  e x p lic it  k n o w le d g e  o f  b a n d  
^imeiure o f  the p a r t ic u la r  m a te r ia l .  In  th e  a b s e n c e  o f  su ch  
knowledge, P en n [2 ]  d e r iv e d  a se t o f  fo r m u la e  based  on  an  
i '^Otropie, n e a rly  f re e  e le c tro n  m o d e l fo r  th e  e n e rg y  b a n d s . T h e  
\M)ik ol Penn w as e x te n d e d  b y  S r in iv a s a n  [3 ] .  H o w e v e r ,  the  
model a d o p te d  b y  P e n n  as w e l l  as b y  S r in iv a s a n  w a s  so  
'^i^niplieaied th a t th e  d ie le c t r ic  fu n c t io n  c o u ld  n o t be e v a lu a te d  
in^ilyiically. T h e y  o b ta in e d  a p p r o x im a te  a n a ly t ic  e x p re s s io n s  
. the d i e l e c t r i c  f u n c t i o n  a f t e r  in t r o d u c i n g  s e v e r a l  
^'nip lilicalions. S p e c if ic a l ly ,  th e  s q u a re  m a t r ix  e le m e n ts  w e re  
ri^pliieed by in te rp o la t io n  fo r m u la  c h o s e n  to  re p ro d u c e  th e  z e ro  
‘•‘^1 Inng w a v e  v e c to r  v a lu e s ,  a n d  e n e r g ie s  n e a r  th e  z o n e  
^^ ’undary w ere  re p la c e d  b y  c o n s ta n t v a lu e s  ra th e r  th a n  th e  e x a c t  
'^^prcssions. G r im e s  a n d  C o w le y  [ 4 ] h a v e  r e c t i f ie d  th e s e  
^li^Tiuoniings by e v a lu a t in g  th e  s u m  d ir e c t ly  as in te g ra ls  o v e r  
s p h e ric a l B r i l l o u i n  z o n e .  R e s u l t s  th u s  o b t a in e d  a re  
''unieienily a c c u ra te  a t s m a l l ,  in te r m e d ia te  a n d  la rg e  w a v e  
‘-'ciors. The m o d if ie d  e x p re s s io n  fo r  th e  e n e rg y  g a p  b e tw e e n
b o n d in g  and  a n tib o n d in g  stales o b ia in e d  by G rim e s  ind  C o w le y
[4 ]  is p h y s ic a lly  m o re  p la u s ib le  and co nsis ten t w iih  ex p e rim e n ta l 
d a ta  an d  w ith  p s eu d o  p o te n tia l c a lc u la tio n s  [ 1 , 5 ] .
P h i l l i p s  [ 6 ] a n d  V a n - V c c h le n  | 7 ]  h a v e  d e v e lo p e d  a 
c o m p re h e n s iv e  th e o ry  o f  to n ic ity  o rc h c m ic a l b o n d in g  in b in a iy  
c ry s ta ls  u s in g  the u n re v is e d  e n e rg y  g a p  ex p res s io n  o r ig in a lly  
d u e  to P enn |2 | .  In  v ie w  o f  the m o d ific a tio n s  [4 | discussed above, 
it b e c o m e s  d e s ira b le  to  re v is e  the c a lc u la tio n s  o f  P h il lip s  and  
V a n -V c c h lc n  fo r  io n ic ity  p a ra m e te rs . T h e  stud ies o f  en erg y  gap  
m o d e l an d  io n ic ity  p a ra m e te rs  h a v e  been  the su b jec t o l cu rre n t  
in te re s t [ 8 -1 2 ] .  In  the p res en t study, w e  use the m o d if ie d  en ergy  
g a p  e x p re s s io n  as d e r iv e d  by G r im e s  and C o w le y  in o rd e r to  
re v is e  the  e s tim a te s  o f  io n ic ity  p a ra m e te rs  du e  to  P h il lip s  and  
V a n -V e c h lc n . T h e  re v is e d  v a lu e s  o f  io n ic ity  p a ra m e te rs  viz .  the 
io n ic  (h e tc ro p o la r )  an d  c o v a le n t (h o m o p o la r )  c o n trib u tio n s  to 
th e  e n e rg y  g a p  arc  u.scd to  e x p la in  the  d is tin c tio n  b e tw e e n  fo u r ­
fo ld  an d  s ix - fo ld  c o o rd in a te d  c ry s ta l s tructu res.
T h e  m o d if ie d  ex p res s io n  fo r the en erg y  gap b e tw een  bond ing  
an d  a n tib o n d in g  sta les e v a lu a te d  n u m e r ic a lly  h a ve  been fo u n d  
to  be [4 ]
’^frL-pondmg A uthor
£ - - 1  = ( 1)
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w h e re  is th e  e le c tro n ic  d ie le c t r ic  c o n s ta n t, is th e  a v e ra g e  
e n e rg y  g a p  b e tw e e n  b o n d in g  an d  a n lib o n d in g  sta les  an d  
is the p la s m a  fre q u e n c y  g iv e n  by
4 ; r  N e (2)
H e re , e  an d  m  arc  (he e le c tro n ic  c h a rg e  and  m ass re s p e c tiv e ly . 
N  IS the  n u m b e r  o f  v a le n c e  e le c tro n s  p e r  u n it  v o lu m e . In  th e  
o r ig in a l  P e n n  m o d e l,  th e  fa c to r  5^  ^ is n e a r ly  e q u a l to  u n ity .  
H o w e v e r ,  m o re  a c c u ra te  c a lc u la t io n s  p e r fo rm e d  b y  G r im e s  an d  
C o w le y  re v e a l that S^  ^=  0 .6 2 .  T h is  v a lu e  o f  m o d if ie s  the e a r lie r  
e s tim a te s  o f  io n ic ity  p a ra m e te rs  | 6 , 7 |  q u ite  s ig n if ic a n t ly .
T h e  e n e rg y  g a p  E^ ca n  b e  s p lit  in to  an io n ic  (h e le r o p o la r )  
p a rt C a n d  c o v a le n t  (h o m o p o la r )  p a rt  E.  su ch  th a t [ 6J
e :  =  e (3 )
T h e  h o m o p o la r  p a rt E^  ^ d e p e n d s  o n  th e  n e ares t n e ig h b o u r  
s e p a ra tio n  R  as fo l lo w s
E,, =  A R - \ (4 )
w h e re  A  and k  arc the co n stan ts , i.e. re m a in  u n c h an g ed  in  d if fe re n t  
c ry s ta ls . V a lu e s  o f c a n  he c a lc u la te d  w ith  the  h c lp o f c q s .  ( 1) 
an d  ( 2 ) u s in g  e x p e r im e n ta l  d a ta  on  d ie le c t r ic  c o n s ta n ts  i '„  and  
u n it c e ll v o lu m e s . T h e  p a r a m e t e r s a n d  k  a rc  th e n  e v a lu a te d  by  
a p p ly in g  cqs. ( 3 )  an d  ( 4 )  to  p u re ly  c o v a le n t c ry s ta ls  viz.  d ia m o n d  
and s ilic o n  w h ic h  h a v e  C  =  0  and  th e re fo re  E^ =  E^ .^ A f le r  k n o w in g  
A  an d  k  in  th is  m a n n e r , o n e  c a n  c a lc u la te  E^ f ro m  cq . ( 4 )  b y  
ta k in g  a p p ro p r ia te  v a lu e s  o f  R  lo r  o th e r  s o lid s . V a lu e s  o f  E^ 
d e te rm in e d  f r o m  cq . ( 4 )  e n a b le  us lo  o b ta in  C  w ith  the h e lp  o f  
cq  (3 ) .  T h e  io n ic ity  o f  th e  c h e m ic a l b o n d  is d e f in e d  in  te rm s  o f  
fra c t io n a l io n ic  c h a ra c te r  [6 , 7 ]  as g iv e n  b e lo w
(5 )
e x a m p le , in  case o f  G a A s  a n d  G a S b , th e  v a lu e s  o f / ,  obtained m 
th e  p re s e n t s tu d y  a re  m u c h  lo w e r  th a n  th e  c o rre s p o n d in g  values 
b a sed  o n  (h e  P h il l ip s  io n ic i ty  s c a le . T h is  w o u ld  im p ly  that such 
c o m p o u n d s  h a v e  s tro n g e r  c o v a le n t  b o n d  th an  that prcdicicd 
b y  P h il l ip s . I t  is w o r th  m e n t io n in g  h e re  th a t th e  values o( / 
p re d ic te d  e a r l ie r  b y  P a u lin g  [ 1 7 ]  u s in g  th e  them iochcm ical 
e le c tr o n e g a t iv ity  d a ta  r e m a in  b e tw e e n  0 .0 6  a n d  0 .5 6  for Ili-v  
c o m p o u n d s . T h is  is in  c lo s e  a g re e m e n t w ith  the ran g e  o f /  values 
fo r  I I l - V  c o m p o u n d s  o b ta in e d  in  th e  p re s e n t stud y . W c have 
fo u n d  th a t th e  re v is e d  v a lu e s  o f d o  n o t a f fe c t  the currelaiion 
b e tw e e n  / ‘, in te ra to m ic  fo rc e  c o n s ta n ts  an d  e f fe c t iv e  chaiec 
p a ra m e te rs .
T ab le  1. Values o f fractional ionic  
present study and (b ) Vnlue.s due i
character (a) Values calcukucd m 
[) Phillips [6J and Vnn-Veclucn |? R]
C rysta ls
T h e  d e f in i l io n s  a n d  m e th o d  o f  c a lc u la t io n s  as d e s c r ib e d  
a b o v e  a rc  d u e  to  P h il l ip s  a n d  V a n -V c c h tc n . W h e n  w e  use eqs. 
( 1) lo  ( 5 )  w ith  S q =  0 .6 2 ,  w c  g e t A  =  5 4 .0  J an d  th e  e x p o n e n t  
k =  2 .5 2 .  T h e  c o rre s p o n d in g  v a lu e s  o b ta in e d  b y  P h il l ip s  an d  
V a n -V c c h le n  w e re  A  = 6 3 .5 8  J an d  k  =  2 .4 8 .  T h e  re v is e d  va lu e s  o f  
E^, E^, C  an d  fo r  s ix ty  e ig h t  b in a ry  c ry s ta ls  a rc  c a lc u la te d  
u s in g  the  in p u t d a ta  o n  la t t ic e  p a ra m e te rs , u n it  c e ll  v o lu m e s  an d  
e le c tro n ic  d ie le c t r ic  c o n s ta n ts  [ 8 - 1 6 ] .  T h e  re s u lts  a re  g iv e n  in  
T a b le  I .
I t  has b e en  fo u n d  [6 ] th a t th e  in p u t  d a ta  used  in  c a lc u la t io n s  
a re  q u ite  a c c u ra te  a n d  v a lu e s  o f /  ca n  be c a lc u la te d  u p  to  th re e  
d ig its  a f te r  d e c im a l.  T h e  p re s e n t v a lu e s  o f d o  n o t d i f f e r  m u c h  
f r o m  th e  P h il l ip s  v a lu e s  o f / .  in  case  o f  1 - V I l  c ry s ta ls  su ch  as 
a lk a l i  h a lid e s . H o w e v e r ,  th e  d if fe re n c e s  b e tw e e n  th e  tw o  sets o f  
/ j  b e c o m e  p ro m in e n t  in  case o f  I I - V I  a n d  I I l - V  c o m p o u n d s . F o r
C rysta ls
(a ) (b ) (a ) lb)
L iF 0 .9 2 5 0  9 1 5 ZnSc 0 .6 5 3 0 67(.
L iC I 0  9 1 5 0  9 0 3 Z iiT c  j 0  6 3 7 0
L iB r 0 9 0 9 0  8 9 9 C dO  \ 0  7 9 3 0 7HS
L i l 0 .9 0 0 0 8 9 0 CdS \  0  711 0 6RS
N al* 0  9 5 5 0 9 4 6 CdSc \  0  6 3 5 0
N aC I 0  9 4 6 0 9 3 5 C dTc 0 6 1 S 0 b l >
N a B r 0 9 4 2 0  9 3 4 M g O 0 85 3 0 R h
N a l 0 9 3 8 0  9 2 7 Mg.S 0 8 0 5 0 7Rr
K F 0 9 6 2 0 9 5 3 M pSc 0 8 0 3 I) 740
K C l 0 9 6 2 0  9 5 3 M g T e 0 6 5 3 0 SS4
K B r 0  9 6 0 0 9 5 2 C aO 0 8 7 2 0 4 n
K1 0 9 5 9 0 9 5 0 ('O.S 0 K62 0 4(i:
RbF 0 9 6 2 0 9 6 0 CaSc 0 8 5 0 0 40(1
RbCI 0 9 6 5 0 9 5 5 C a T c 0 8 3^ 0 ROI
R bB r 0  9 5 9 0 9 5 7 S K ) 0  8 9 3 0
R bl 0 .9 5 9 0  951 Sifi 0 8 7 5 0 414
CsF 0  9 5 9 - SrSc 0 .8 7 2 0 417
CsCI 0 9 6 8 - S r lc 0 8 5 6 0 4(M
C sB r 0  96H - B aO 0 8 7 8
Csl 0  9 6 9 - BaS 0 8 8 6 -
C uF 0  781 0  7 6 6 BaSc 0 .8 8 1 -
C uC l 0 ,7 6 2 0 .7 4 6 B a le 0 8 7 5 -
C uB r 0  7 3 8 0 .7 3 5 A IN 0 .4 5 1 0 444
C u l 0  6 7 6 0 .6 9 2 A IP 0  327 0 307
A g F 0  8 9 9 0 .8 9 4 A iA s 0 .2 2 9 0 274
A gC I 0  8 7 9 0  8 5 6 A lS b 0  3 5 8 0 42b
A g B r 0  861 0 .8 5 0 G aN 0 .4 6 9 0 ‘iOO
A g l 0  7 5 4 0 .7 7 0 G aP 0 .3 3 3 0 374
B cO 0 .6 3 2 0  6 0 2 G qA s 0 .1 7 3 0 ^10
BeS 0  3 4 9 0  3 1 2 GaSb 0  0 6 6 0 261
BeSe 0 .4 1  1 0  2 9 9 In N 0  5 0 7 0 578
B e T e 0 .0 8 8 0 .1 6 9 In P 0 .3 4 1 0 421
Z n O 0 .6 4 6 0 .6 1 6 In A s 0 .1 8 7 0.3S7
ZnS 0 .6 4 4 0 .6 2 3 InSb 0 .0 7 9 0 321
Analysis o f ionicity parameters using modified Penn energy gap model 299
The trends of variations of interatomic force constants [ 18] 
jnd e ffe c tiv e  charge parameters [ 19-21 ] v /x lhf .  remain similar to
(hose predicted by Phillips (6 ],
The splitting of energy gap (E^) into ionic (hetcropolar) C 
jnd covalent (homopolar) parts has been made in a 
y^niinctrical manner (equation 3) and it has hen found [6 ] that a 
plot of C versus can provide a criterion for distinguishing 
liciwccn four-fold and six-fold coordinated structures. In Figure 
1 we have plotted the revised values of C and E^  ^for all the sixty 
caihi crystals under study. The plot makes a clear distinction 
lu-iwecn the four-fold and six-fold coordinated structures. The 
Cl iiical value of ionicity is equal to 0.786 which separates the 
iwo icgions unambiguously. It should be mentioned here that 
unieviscd  values of C and E,  ^ reported by Phillips and Van-
iiKurc 1. 
lIlC
The separation o f four fo ld  and s ix -lo ld  coordinated structure 
plot between ionic part C  and covalent part
Vccliicn could not achieve such a clear cut distinction between 
ihc Iw o  types of siruciures. For example CdO, MgO and MgSc
lie  on  the  b o u n d a ry  l in e  p lo t  a n d  h e n c e , it w a s  n o t p o s s ib le  to  
id e n t ify  the  s tru c tu re s  fo r  these c o m p o u n d s . O n  the o th e r  han d , 
th e  p lo t  o f  C  v e r s u s  based  on  the  resu lts  o b ta in e d  in  the  
p re s e n t s tu d y  (F ig u re  I ) m a k e s  th e  c le a r  s e p a ra tio n  b e tw e e n  the  
tw o  typ e s  o f  c ry s ta l s tru c tu re s .
Acknowledgments
W e  arc  th a n k fu l to the R e fe re e  fo r  his v a lu a b le  co m m e n ts . T h a n k s  
a rc  a lso  d u e  to P ro fes so r Jui S h a n k e r, H e a d , P hys ics  D e p a rtm e n t, 
In s t itu te  o f  B a s ic  S c ie n c e s , K h a n d a r i,  A g r a  fo r  h is  v a lu a b le  
g u id a n c e  an d  d is cu s s io n s . W c  arc  a lso  th a n k fu l to  M r s .  S iid h a  
S in g h  fo r  h e r h e lp  in  the c o m p u ta tio n a l w o rk ,
K e fc re n c e s
[ I ]  J P W aller and M  L  Cohen PUw Rev B2 1X21 (1 970 )
12] I )  U Penn / ’//vs R n  128 20^/3 ( l % 2 )
[3 ]  G Snnivasan Phw Rev 179 1244 (1 9 6 9 )
[4 ]  R n  Cimncs and E  R C ow ley  Cwuul I Ph\s 53 2.S49 (1975)
[5 ]  W  A Harrison Ekitum u Siniiiinc aniJ the Piopeincs of SoUds 
(San Francisco Freem an) (19X 0)
[61 J C Phillips Rev Mod Phvs 42  317 (1 9 7 0 )
17] J A Van-Vcchlen Phv\ Rev 182 891 (1 9 6 9 )
[8 ]  W  K u c h a rc /y k  ./ Phy^ B I7 2  473  (1 9 9 1 )
[9 ]  J Shanker and .S D ix ii Phys Suit Sol (o) 123 17 (1 9 9 1 )
110] P K Sinha and J Shankci J  of Pine Appl Phys 32 675
(1 9 9 4 )
111] K K  Upadhyay and K K Sarkar Indinn J  Phvs 7 3 A  793 (1999 )
(1 2 ]  J I )  Dubey and Vinod Kum ar Indian J  Phys 74A  187 (2(X)0)
[ I3J J C  Slalcr Quantum Theory of Molnufes and Solids Vol. 11 p 307
(N e w  York M c G ra w -M ilIs ) (1 9 6 5 )
[1 4 ]  R P Lowndc'. and I )  H M a r tin /^ /o ( Rov Soi A 308  473 (1969 )
[1 5 ]  I M  Boswarva Phys Rev B1 1678 (1 9 7 0 )
116] J R  Teesm an, A H K ahn and W  S hockley  Phys Rev 92  890  
(1 9 5 3 )
[1 7 ]  L  Pauling The Natuie of the ( ’heniual Himil (liliaca. New Yoik  
C ornel] U n ivers ity  Press) (1 9 6 9 )
[1 8 ]  R M  M artin  Phvs Rev B1 4 005  (1 9 7 0 )
[1 9 ]  Cl L  Lucovsky, R M  M a il in  and E  B iirs le in  Phy.s Rev 4 1367 
( 1 9 7 1 )
[2 0 ]  B S^igeti Tunis Taiaday Soi 45 155 (1 9 4 9 )
[2 1 ]  P Law neiz r/iv.v Rew Lett 26  697 ( ]9 7 1 )
